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ABSTRACT
The analytical merits of a Helium Discharge Detector were 
evaluated for organosulfur and organophosphorus compounds, 
including several pesticides. Certain parameters, such as 
percent scavenger gas, helium flow rate, and monochromator 
slit width were varied to find optimum operating conditions 
with respect to analytical figures of merit. Ideally, 
analytes should display uniform molar response independent of 
compound structure. Due to phenomena such as quenching of 
signal and incomplete fragmentation, this is not always the 
case. Theoretical area percent response of the detector to 
each analyte species was calculated and compared to the 
experimentally derived values. Operating procedures were 
sought which would minimize the error between these values.
ix
HELIUM DISCHARGE DETECTOR FOR THE DETERMINATION 
OF ORGANOSULFUR AND PHOSPHORUS COMPOUNDS
CHAPTER I
INTRODUCTION
There are many detectors available for use with gas 
chromatography. The choice of a suitable detector depends on 
the type of analyte to be studied. However, a few basic 
criteria apply to detectors in general, including: 1)
subnanogram limits of detection? 2) linear response to analyte 
species? 3) good selectivity for the analyte species with 
respect to non-analytes? 4) simple maintenance and operation? 
5) tolerance to microliter volumes of solvent? and 6) accurate 
and reproducible response independent of analyte structure.(1) 
Several different GC detectors have been used for the 
selective detection of organosulfur and organophosphorus 
compounds. Their use has ranged from the determination of 
empirical formulae of compounds in complex matrices to 
detection of analytes which are present at ultratrace levels. 
This information can be used to determine molecular formulae 
and combined with other information to identify and quantify 
unknowns. The prerequisite of importance is that relative 
elemental response depend solely upon the mass of the elements 
present. Influences from other factors such as incomplete 
fragmentation, quenching, chemical environment, and structure 
must be minimized.
2
3Several detectors are available which can fulfill several 
of the above criteria to some degree and prove useful in 
sulfur and phosphorus analysis. These detectors can be 
broadly classified as either conventional detectors which are 
well documented and commercially available, or plasma 
detectors which have only recently been recognized as viable 
GC detectors.
Conventional Detectors. The Flame Photometric Detector(FPD) 
coupled with gas chromatography has been widely used due to 
the low cost and ease of use. Both sulfur and phosphorus 
selective analysis are possible. It is the most widely used 
detector for their determination. The principle mechanism 
through which selective detection is achieved is by combustion 
of samples containing heteroatoms in flames rich in hydrogen 
or oxygen to form excited S2 and HPO molecules. Light 
emissions from these molecules are subsequently focused 
through a bandpass filter and detected by a photomultiplier 
tube. The detector response is a function of several factors 
such as gas flow rate, analyte structure, concentration of 
solute compounds in the carrier gas, and flame temperature. 
Response can vary with the structure of the phosphorus and 
sulfur compounds in accordance with the efficiency of 
production of HPO and S2 species from the analyte compounds.
One source has reported picogram levels of detection for 
phosphorus ranging from lxlO*13 to 2xl0-12 g/sec with a linear 
response over four orders of magnitude. Sulfur detection was
4reported to range from 2xl0~12 to SxlO'11 g/sec.(2) The 
response to sulfur compounds was observed to decrease with 
increasing flame temperature, while the response to phosphorus 
compounds increased. Although phosphorus response tends to be 
linear, response to sulfur is exponential unless a constant 
amount of a sulfur compound is fed into the flame, and then 
the linear range only extends over two orders of magnitude. 
Therefore, the possibilities for trace analysis of sulfur with 
this type of arrangement are limited due to the high 
background signal.
The selectivity to phosphorus is 4 to 5 orders of 
magnitude relative to hydrocarbons. The response to 
hydrocarbons is nearly constant at different detector 
temperatures. Thus selectivity is a function of detector 
temperature since phosphorus response varies with temperature. 
Selectivity is also dependent upon gas flow rate. With 
increasing flow rate, the response to sulfur decreases, 
whereas the response to phosphorus increases.
Single flame use can cause deviations of sample response 
based on differences in molecular structure. One system 
described used a dual flame system in which a hydrogen rich 
flame was used to decompose the samples from the GC, and a 
second flame was used to produce light emission from S2 and 
HPO molecules.(3) The burner was capable of handling large 
volumes of injected solvent without extinguishing the flames. 
The optimum flow rates reported were 30 mL/min for the He
5carrier gas, 140 mL/min hydrogen, 80 mL/min for air #1, and 
170 mL/min for air #2. The total air flow was sufficient to 
consume 70% of the hydrogen supplied to the burner.
Limits of detection for phosphorus with dual flame 
systems have been reported to be as low as 5x10"13 g/s with a 
selectivity of 5X105. Limits of detection for sulfur were 
5xlCr13 with a selectivity ranging from 103 to 106.(3) The 
sulfur response for dodecanethiol and methyl parathion 
indicated that a pure square law dependence on the amount of 
sulfur was observed when plotted on a logarithmic scale. 
Given that compound structure affects response, and that the 
S2 species is responsible for emission, it follows that 
response is related to the squared amount of sulfur compound 
present. Deviations from equivalent sample response occurred 
only at high concentrations due to self-absorption effects in 
the emitting flame. High concentrations of HPO and S2 
molecules in the ground state were sufficient to cause some 
reabsorption of the light emitted from the excited S2 and HPO 
molecules.
The use of a dual flame in photometric detection aids in 
the elimination of quenching effects of hydrocarbons, most 
noticeably in the detection of sulfur, phosphorus, and complex 
mixtures. When complex mixtures are analyzed in this mode of 
detection, the calibration should be done with a sample matrix 
which resembles the unknown matrix as closely as possible. 
Quenching can cause deviation from pure square-law dependence
6on sulfur content.
In a study comparing the use of single and dual flame 
photometric detectors, the dual flame eliminated the drawbacks 
associated with the single flame detector.(4) Injections of 
1 to 10 microliters exhibited the same relative peak height 
distribution and pure square law response for five 
thiophosphate pesticides contained in a sample solution. 
Increasing the injection volume from one to ten microliters 
increased the signal-to-noise ratio by a factor of 100, 
greatly improving sulfur selectivity. Quenching effects were 
minimized through the use of dual flames by separating the 
regions of sample decomposition and optical emission. Dual 
flame use also eliminated chromatogram distortion caused by 
quenching of sample response by an underlying solvent tail.
There are several disadvantages associated with flame 
photometric detection.(5) Non-linear response and quenching 
effects are substantial drawbacks associated with this 
detector. Each element has individual optimal conditions 
which must be met. These include wavelength selection, 
bandpass selection, and oxygen and hydrogen flow rates.(6) 
The use of molecular band heads for peak analysis causes 
emission intensity to be determined in part by structure. 
Sulfur response can vary from a linear to square dependence on 
concentration depending on the compounds. The injection of 
large sample volumes tends to extinguish the flame.
The Alkali Flame Ionization Detector (AFID) is essentialy
7a modified FID system. An alkali salt such as KC1 is placed 
into the flame system and heated. Consequently, the alkali 
metal enters the flame and is ionized, producing a background 
current. Compounds containing heteroatoms such as P or S 
cause fluctuations in the background current of the detector. 
Response is different in both magnitude and polarity from that 
of the FID and is highly dependent upon operating conditions. 
Problems associated with this system include difficulty in 
maintaining a stable hydrogen flow rate and short lifetime of 
the alkali metal salt source. However, this detector is 
inexpensive and an FID can easily be converted to an AFID.
Reproducibility of results with the AFID is highly 
dependent upon the consistency of the alkali source throughout 
its lifetime. There is a gradual decrease in sensitivity due 
to a decrease of background ionization current over time. 
This can be corrected by gradually increasing the flow rate of 
hydrogen. Decreased sensitivity is also caused by formation 
of deposits on the detector electrodes. An AFID in which the 
alkali metal is introduced into the flame by an inert gas has 
been reported to have a lifetime of several thousand hours 
with little degradation of the salt source occurring. The 
reproducibility of results can therefore be more consistent 
over time.
Hydrogen flow rate is the most influential factor 
affecting detector response. It is essential that hydrogen 
flow be maintained precisely within 0.1 mL/min due to the fact
8that even slight variations in flow cause the concentration of 
the alkali metal in the flame to vary. Also, an increase in 
flow rate of carrier gas cools the flame and causes a decrease 
in background ionization current.
The AFID is highly sensitive and selective for phosphorus 
compounds, with limits of detection as low as 1.5x1 O'14 g. 
Sensitivity for phosphorus is 3 to 4 orders of magnitude 
better than a typical FID. Phosphorus response increases with 
increasing background current.(2)
Response to sulfur compounds relative to hydrocarbons is 
only twenty times higher than in a conventional FID system. 
The response increases with increasing background current and 
increasing atomic number of the cation in the alkali metal 
salt. The polarity of the signal changes as a function of the 
background ionization current.
Compound structure affects detector response in the AFID 
system. Sulfur compound response is known to vary with 
structure. There are two phosphorus atoms in tetraethyl 
pyrophosphate, yet the molar response to this compound is only 
slightly greater than that for compounds containing one 
phosphorus atom. The contribution of the carbon skeleton to 
molar response is greater when background ionization current 
is low. Therefore, the molar response of a compound with the 
same heteroatom will differ considerably at different 
background currents.
Coulometric detectors have also been used for selective
9detection of sulfur and phosphorus compounds. The coulometric 
detector consists of a combustion tube, a titration cell, and 
a coulometer. The four electrodes include a sensor-reference 
pair and an anode-cathode generator pair. It is a 
quantitative detector based on the amount of electricity 
required for the internal generation of the titrant. The 
coulometric titration proceeds according to Faraday's Law. 
The results depend upon the level of conversion of the 
compounds to the analyte elements in the combustion tube. One 
disadvantage of this system is that it is complex and 
difficult to operate when coupled to a GC. The peaks tend to 
be broader and display more tailing than those obtained with 
other detectors. The properties of the catalyst in the 
combustion tube can be changed over time by contamination with 
aromatics or sulfur compounds.
i
The Coulson detector is an electrolytic conductivity 
detector used for the determination of organic compounds 
containing nitrogen, chlorine, and sulfur. Organochlorine 
compounds are converted to HC1 with a nickel catalyst. 
Nitrogen containing compounds are reduced to NH3 using 
hydrogen in a pyrolytic tube. Sulfur compounds are oxidized 
in an oxygen stream to produce SOa and S03. These 
decomposition species are transferred to deionized water, 
producing electrolytes. A separator is used to extract the 
gas phase from the liquid phase. The change in conductivity 
of the aqueous solution due to the electrolytes is detected by
10
platinum electrodes. Limits of detection for pesticides 
containing these elements have been reported to be in the 
nanogram range.(7) The flow rates of the reactant and carrier 
gases and water, as well as the furnace temperature all affect 
the sensitivity and selectivity of the detector.
The Hall Electrolytic Conductivity Detector (HECD) is a 
modified Coulson detector. It is smaller and more sensitive 
and selective than its predecessor. It is ten times more 
sensitive for chlorine and nitrogen compounds. Limits of 
detection ranging from 1 to 10 ng have been reported for 
nitrogen containing organophosphorus pesticides.(7)
Plasma Systems. A radio frequency plasma detector was used 
for sulfur selective detection of organosulphur compounds in 
complex fossil fuels. Detection limits of 0.5 pg/s with a 
linear response over four orders of magnitude were 
reported.(8) The radio frequency plasma detector was used 
with 70 mL/min research grade He. Oxygen was introduced at an 
approximate flow rate of 0.03mL/min. Sulfur was detected at 
a wavelength of 921.3 nm.(8) Peak intensities varied between 
the complete aromatic and isolated sulfur fractions. However, 
different numbers of phenyl groups attached to the base of the 
thiophenic ring had little effect on the intensity of the 
sulfur emission signal. Coelution of hydrocarbons had 
quenching effects on sulfur emission peaks only at high 
concentrations.
A gas chromatography detector using Ar as the carrier gas
11
has been used for the detection of halogens, P, and S. The 
detector was based on using a helium or argon electrodeless 
discharge operated at 2450 MHz and was ignited by a spark 
coil. Atomic and molecular emissions for GC eluents were used 
for element selective detection.(9) All emissions were 
reported to arise from either free atoms or diatomic 
molecules, which indicated nearly complete fragmentation of 
the compounds tested. Complications arising from emission of 
the dissociated organic molecules were probably due to atomic 
recombination and the subsequent existence of molecular 
combinations not existing in the original molecule.
Selectivities were reported relative to n-hexane. Sulfur 
detection using CS emission at 257.5 nm was reported to be 
lxlO"9 g/s with a selectivity of 100. Although halogen 
detection limits were all reported to be in the sub-nanogram 
levels, their reported selectivities were poor, ranging only 
from 10 to 20. The most intense phosphorus peak occurred at 
the 253.57 nm atomic emission line with a reported detection 
limit of 10'11 g/sec and selectivity of 100.(9) This detector 
was used for nanogram level detection of phosphorus containing 
pesticide residues in agricultural samples for which no prior 
purification was necessary due to the detector 
specificity.(10)
A Vacuum UV Plasma Atomic Emission Spectrometer has been 
utilized as a GC detector for the analysis of sulfur 
containing compounds. A dc discharge plasma was chosen
12
because of its low cost, small size and ease of use. The 
discharge consists of three argon gas streams, one from the 
sample outlet and one stream from each of the two 
electrodes.(11) This system seemed to minimize problems 
associated with other sulfur specific detectors. DC plasmas 
are characteristically of high temperature and relatively 
stable. These factors tended to minimize solvent quenching, 
while increasing selectivity and sample size capacity, and 
enhancing detection limits.
The system was reported to be linear over three orders of 
magnitude with a detection limit of 3x10-1° g/s and selectivity 
of 103 for sulfur.(12) Reported selectivity was independent 
of sulfur concentration used in the analyte solution. Ratios 
for selectivity were determined in this and other studies 
using the following formula:
Rs/Rc = (peak area of S compound at per g-atom S)/ 
(peak area of C compound at Xs per g-atom C)
Six organic compounds containing sulfur with different 
oxidation states and hydrocarbon environments in five 
different solvents were studied. Selectivity proved to be 
independent of sulfur concentration due to sulfur and carbon 
signal intensities varying linearly with concentration. 
Investigations of the argon plasma solvent handling capacity 
revealed that injections as large as 100 microliters did not 
extinguish the plasma nor did they cause fluctuations in the 
baseline.
13
The use of inductively coupled plasmas (ICPs) for 
elemental analysis eliminates the problems associated with the 
use of molecular band heads for analysis. Elements such as C, 
H, B, P, I, S, and Si have been determined. The majority of 
compounds studied showed only slight variations in elemental 
response due to structural differences.(4) The simultaneous 
multielement capability of the ICP is especially suited to 
provide independent detection of each element. One study 
reported nanogram detection levels for several elements, with 
a selectivity of 103 or greater.(4) However, halogens were 
detected at the microgram level and exhibited a poor linear 
dynamic range. Limitations with respect to selectivity were 
attributed to background changes induced by the injection of 
large quantities of organic compounds into the plasma. 
Positive background deviations were reported to arise from 
light scattered by intense atomic C lines or band spectra. At 
wavelengths lower than 300.0 nm the background increased 
during sample elution due to a decrease in the power coupling 
efficiency which in turn caused the plasma intensity to 
decrease. In this study, there was apparently no attempt to 
correct for background variations.
Windsor and Denton reported the detection limit of sulfur 
using thiophene to be 250 ng with a linear dynamic range of 
lxlO3. Phosphorus limits of detection from diethyl phosphite 
were 0.6 ng with a linear dynamic range of 2xl04.(13) Carbon 
emission intensity per unit weight was the same for a wide
14
variety of organic compounds suggesting essentially complete 
dissociation of molecular species. No carbon, sulfur, or 
phosphorus deposits were observed owing to the fact that the 
sample does not come in contact with the quartz tube used to 
sustain the plasma.
Another study used the ICP-GC detector to find empirical 
formulae for hydrocarbons and halogenated compounds by 
determining their elemental composition.(14) This was 
possible because empirical formula determinations were 
dependent only upon the measurement of the ratios of the 
elemental constituents in a compound relative to standard 
compounds rather than their absolute quantities. Limitations 
such as quantity of sample injection and peak shapes were 
insignificant. Parameters for these experiments included a 
single set of plasma operating conditions. Typically, peaks 
yielding 200 elemental ratio determinations were subsequently 
averaged to obtain reported values. Deviations were observed 
when partial degradation of an analyte species resulted in the 
production of emission from particular atoms, resulting in 
non-stoichiometric atom concentrations. Recombination from 
hydrocarbon atoms to form diatomic molecules was a potential 
source of deviation but did not seem to be a significant 
factor.
Through the use of high speed computer controlled data, 
relative atomic ratios were recorded when the concentration 
increased to a maximum peak height and then dropped off. This
15
method produced a large number of elemental ratio 
determinations for several concentrations of analyte. Ratio 
determinations which were within the range of linear response 
were compared to a similar study using an argon microwave 
induced plasma detector(MIP). The relative elemental 
responses of many compounds proved to be less sensitive to 
molecular structure with the ICP.
Tests for accuracy and precision using several 
hydrocarbon and halogen compounds revealed close agreement 
between theoretical and experimental values for H/C and 
H/C/halogen ratios. Empirical formula determinations for 
hydrocarbons were carried out by determining H/C ratios of 
twenty or less carbon atoms. For halogenated compounds, the 
percent composition of each element in the compound was 
divided by its atomic weight. These values were then adjusted 
so that the halogen ratio equalled one. Carbon and hydrogen 
ratios were rounded off to the nearest whole number relative 
to the halogen number. All formulae determined by this method 
correctly corresponded to the compounds tested.
The ICP coupled with the GC produced highly accurate 
elemental ratios for a large number of compounds. No lines 
for atomic oxygen or nitrogen were available which could be 
used for detection with this system. This would adversely 
affect empirical formula determinations for unknowns 
containing these elements since they would not be observed and 
subsequently not be included in the formula.
16
An overwhelming majority of the literature dealing with 
element selective detection and empirical formula 
determination of unknowns has utilized helium microwave 
induced plasma detectors. One system described the
interfacing of the GC with an atmospheric pressure helium MIP 
The microwave plasma was sustained at atmospheric pressure in 
a Beenakker cavity. A quartz discharge tube was used to 
contain the plasma. Energy from a microwave generator was fed 
into the cavity at 2450 MHz. Several conditions were 
optimized for each specific element, including emission 
wavelength, helium flow rate, microwave input power, and 
entrance and exit slit widths in the monochromator. 
Typically, input power levels ranged from 40 to 100 W and the 
helium flow rate was set from 60 to 100 mL/min.
Empirical formulae have been determined for a large 
number of molecules with various structures containing three 
to six elements(15). The calibration of atomic emission 
responses were derived from chemically unrelated small 
molecules. The empirical formulae could be used for the 
determination of molecular formulae as a step in 
identification of an unknown. Using the GC-MIP system, it was 
possible to determine elemental composition of compounds on a 
weight-percent basis. Combined with information from high 
resolution mass spectrometry it is possible to determine the 
molecular formula with only a subset of the elemental ratios. 
The energy associated with the He-MIP system is able to reduce
17
most compounds to elemental form and efficiently excite a 
variety of common nonmetals. This system is specific for each 
element and linear over a wide range. In order for this 
technique to be successful in formula determination, each 
element present must produce a detectable peak and the molar 
response must be reasonably independent of its chemical 
environment.
In one study, atomic emission determinations were carried 
out using He with 0.2% oxygen added.(15) Although O/C ratios 
could not be determined in this manner, they could be obtained 
using helium and 0.2% mixture of 95% nitrogen-5% hydrogen. 
Five determinations were carried out for each compound at each 
analytical wavelength. Ideally, molar response ratios are 
totally independent of the chemical environment and structure 
of the compound being analyzed. This proved to be nearly true 
for H/C and O/C ratios, using the best estimate from the 
average values of all results. Beenakker found this to be 
true with the exception of thiophene.
Beenakker reported the detection limit of sulfur to be 
8xl0_1° mol/liter with a selectivity of 200 when measured at 
545.4 nm.(16) It was determined that the gas flow rate
influenced the net signal and background noise. However, all 
signals were independent of the plasma flow rate when it 
exceeded 50 mL/min. Another research group used helium flow 
rates of 60-100 mL/min.(17) They optimized the system by 
measuring the net signal of the line of analysis and
18
background noise as functions of microwave power setting and 
flow rate. They found the maximum signal to noise ratio 
occurred when using 75 watts, at which power the air cooling 
of the cavity could also be avoided.
Dingjan, et. al. reported sulfur detection to be 0.14 
ng/s for mercapturic acid.(18) Due to fragmentation reactions 
and interaction with the plasma tube, deviations from 
theoretical empirical formulae increased as the number of 
halogen substituents per molecule increased.
Bache and Lisk reported subnanogram levels of detection 
for sulfur and phosphorus in pesticide residues using a He-MIP 
system coupled with gas chromatography. Sulfur detection was 
reported to be 5X10"11 g/s with a selectivity relative to 
phenanthrene of 22. The minimum level of phosphorus detection 
was 9xlCT12 g/s with a selectivity of 1000.(19) Various 
agricultural samples were analyzed for twelve pesticide 
compounds. Linear response curves were generated for all 
elements tested regardless of the structure of the organic 
compound which was injected. This indicated that the system 
would be useful in accurate determination of the elemental 
composition of unknowns to aid in their identification.
Wylie and Oguchi used a He-MIP system coupled with an 
atomic emission spectrometer for pesticide analysis. The MIP 
was chosen as the atomization and excitation source because 
the helium plasma had sufficient energy to excite all of the 
elements in the periodic table, thereby enabling the detection
19
of every element present in the pesticides. They reported the 
limit of detection for sulfur to be 1.7 pg/s with a 
selectivity of 150000. The minimum detection limit of 
phosphorus was 1.5 pg/s with a selectivity of 25000.(20) 
Selectivities were reported relative to carbon. Empirical 
formula determination for 22 herbicides containing eight 
different elements, including sulfur, was attempted in this 
study. Oxyfluorfen was used as an internal standard for the 
derivation of empirical formulas (metribuzin was used for 
sulfur). Although exact formulas could not be determined for 
most of the compounds tested, the numbers for elemental 
coefficients came very close to the expected values. The 
largest errors were seen for hydrogen coefficients. The 
presence or absence of an element was correctly determined in 
all cases.
Applications to the HDD. This laboratory continues research 
on the design and applications of a helium discharge detector 
for GC. Limits of detection in the picogram range have 
previously been reported for many elements, such as Cl, Br, I, 
F, C, P, S, Si, Hg, and As. (21) These include some of the 
most common heteroatoms in pesticides. This particular study 
concentrates on sulfur and phosphorus in order to investigate 
the application of the HDD to pesticide analysis.
The GC-HDD combination has been demonstrated to have a 
uniform response for halogen compounds to the extent that 
polychlorinated biphenyls and chlorinated/ brominated
20
hydrocarbons have been successfully quantitated using single 
internal standards to generate unit responses for a given 
element(22,23). This implies that for these elements (Cl, Br) 
the signal response is uniform and independent of compound 
structure. Many studies of other systems indicate that the 
molecular structure and chemical environment of the analyte 
play a role in detector response. The uniformity of molar 
response in the HDD is studied here and attempts are made to 
minimize error between theoretical and experimental area 
percent response for analyte peaks.
Previous studies of the system indicate that changes in 
the helium flow rate and the addition of small amounts of 
scavenger gases to the helium can improve limits of detection 
and selectivity. These qualities are also affected by changes 
in the slit width of the monochromator to isolate the 
analytical wavelength. These operating parameters were varied 
to find the best conditions for quantitative analysis based on 
uniform elemental response for each analyte mixture.
CHAPTER II
INSTRUMENTATION AND EXPERIMENTAL PARAMETERS
Helium Discharge Detector. A schematic diagram of the helium 
discharge assembly is shown in Figure 1. The electrodeless 
helium discharge is sustained in a 3 mm o.d. by 1 mm i.d. 
quartz tube. The tube extends from just below a support plate 
mounted on top of the GC oven to approximately 2 cm above a 2 
cm long cylindrical stainless steel electrode which surrounds 
the quartz tube. The electrode is connected to a high 
voltage, variable frequency power supply (ENI Power Systems) 
tuned to 176 kHz in order to minimize reflected power, and is 
encased by a Macor ceramic insulator. The maximum voltage 
which can be supplied to the electrode is 10 kV.
Two distinct regions of the electrode exist. The primary 
discharge is that region of the tube which is surrounded by 
the electrode. This region continually generates a secondary 
discharge above the electrode. All optical emission is 
monitored from the secondary discharge region. The secondary 
discharge is capacitatively coupled to a grounding electrode 
at the end of the quartz tube, which provides a current path 
and substantially enhances the excitation efficiency of the 
secondary discharge. The system is considered an
electrodeless discharge in the sense that the electrodes are
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Figure 1. Schematic diagram of the Helium Discharge Detector
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not in contact with the discharge contained within the quartz 
tube.
The electrode assembly is mounted on a stainless steel 
heater block located between the discharge tube and the GC 
oven. The heater block maintains the GC column temperature at 
or above the GC oven temperature to minimize band broadening 
from the GC eluents. In order to prevent polymeric deposition 
on the walls of the quartz tube, 8 to 10 cm of the polymer 
coating on the end of the GC capillary column is stripped off 
with hot sulfuric acid. The column is positioned so that its 
exit is even with the top of the primary discharge. Thus, 
excitation processes which create energetic species of helium 
in the primary discharge are unaffected by the analyte stream, 
which directly enters the secondary discharge region. 
Although the secondary discharge may be temporarily quenched 
by excessive sample throughput (>lmg), the discharge is 
continually reestablished by the primary region.
Helium used to sustain the discharge enters through a 
port on the side of the heater block. The GC capillary column 
is mounted from a connection on the bottom of the heater 
block. All connections are made with Swagelok fittings with 
Vespel/graphite ferrules. The exit of the quartz tube was 
normally sealed with a rubber septum pressed between the end 
of the tube and the grounding electrode to insure that the 
system was continually purged with helium when not in 
operation.
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A schematic diagram of the entire GC-HDD system is shown 
in Figure 2. The flow rate of the chromatographic grade 
helium (99.9999%, Air Products) was regulated through a fine 
metering valve and passed through a heated catalytic purifier 
(Supelco) in order to remove trace impurities of 02, N2/ and 
H20 before entering the discharge assembly. The same helium 
was used to supply the He carrier gas for GC operation. Flow 
rates through the discharge could readily be measured using a 
bubble meter at the end of the quartz discharge tube.
Optical emissions were focussed through a 50 mm CaF2 lens 
into a 0.5 m monochromator (Minuteman). Optical filters could 
be placed between the discharge and focussing lens to 
eliminate second and/or third order spectral interferences 
when monitoring the visible and near infrared spectral 
regions. The monochromator was purged with nitrogen when 
monitoring wavelengths below 190 nm to minimize absorption 
from molecular oxygen in the upper vaccuum UV region (175-190 
nm). The desired wavelengths of emission were detected by a 
photomultiplier tube (Hamamatsu). Amplified signals were 
recorded simultaneously on a stripchart recorder and an IBM 
PS/2 PC equipped with an A/D interface for storage and 
processing on Axxiom Chromatography software * Typical 
operating parameters are outlined in Table 1.
Gas Mixing System. A schematic diagram of the system 
responsible for regulating and mixing flows of scavenger gas 
into the helium discharge is shown in Figure 3. A Matheson
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Figure 2. Schematic diagram of the GC-HDD system.
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Table 1. Operational parameters used with the GC-HDD system.
Helium Discharge Detector
20-60 mL/min 
6500 V (RMS) 
176 kHz 
60W
♦Forward Power - Relected Power
Helium flow rate 
Voltage 
Frequency 
Load Power*
Spectrometric System
Monochromator
Slit Width
Purging Gas(below 190 nm) 
Photomultiplier Tube (PMT) 
PMT Voltage
Amplifier
Data storage/analysis
0.5 m (Minuteman, 
Model 305M) 
75-150 /im 
Nitrogen 
R758 (Hamamatsu)
1060 V
(Keithley Model 247) 
Kiethley Model 485 
picoammeter 
Axxiom Chromatography 
System with 
IBM—PS/2 E21
Gas Chromatographic System
Gas Chromatograph (GC) 
Injection Mode 
Carrier Gas 
Column
Carlo Erba Model 4180
On-Column
Helium
DB-5, 30m X 0.25 i.d. 
(J&W Scientfic)
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Figure 3. Gas mixing assembly for scavenger gas introduction 
into the HDD.
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rotameter style meter was attached directly to the gas inlet 
to allow for changes in the gas flow rate. Most of the gas 
was vented from an HP 5080-6710 flow controller in order to 
achieve the exceedingly low flow rates required for the 
scavenger gas (typically -< 1 mL/min) .
The residual gas flow was coupled to a T-valve from which 
the gas could be directed either into the discharge or through 
a 1 mL graduated pipet. The pipet was connected by a Swagelok 
fitting and served to measure the scavenger gas flow rate and 
calibrate the flow meter. During normal operation the T-valve 
was oriented to direct the scavenger gas flow through a shut 
off valve prior to entering the helium discharge.
Reagents and Standard Solutions: Three different types of
solutions were used in this study: mixes of organosulfur
compounds, organophosphorus mixes, and a mixture of pesticides 
containing both sulfur and phosphorus. Physical constants and 
approximate retention times for each compound are given in 
Appendix A. Pesticide structures are shown in Appendix B. 
Suitable concentrations for the analytes in solution were 
chosen based on both trial solutions and previous data related 
to the analytical performance of the helium discharge 
detector. Typically, solutions containing approximately 10 ng 
of each analyte compound were used.
The selection of analytes was based on several factors. 
These included solubility, favorable resolution from other 
compounds in the mixtures, lack of interference from coelution
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with the solvent, and reasonable analysis time for the entire 
mixture (preferably less than 20 minutes.)
Solvents were chosen based on two factors: the ability to 
dissolve analytes and boiling points which would permit the 
formulation of reasonable temperature programs. The use of 
on-column injections required the initial column temperature 
to be below the boiling point of the solvent to minimize 
excessive expansion and band broadening on the column. 
Pentane was used as the solvent for sulfur compounds, hexane 
for phosphorus compounds, and xylene for pesticides.
Octane was added to the sulfur solutions in order to 
measure selectivity of analyte compounds over non-analytes. 
Naphthalene was added to the pesticide solution for the same 
purpose. Naphthalene was also added to the pesticide mix for 
sulfur and phosphorus selectivity measurements.
Stock solutions of sulfur and phosphorus compounds were 
made by adding appropriate microliter amounts of each compound 
to the solvent to yield exactly one microgram of the analyte 
element per microliter of solution. Volumes required for each 
liquid were determined from density information. Two 
successive 1:10 dilutions yielded solutions containing 10 ng 
per microliter of solution. In the case of the sulfur mix, 1 
ng per microliter solutions were also used with an additional 
1:10 dilution of the 10 ng solutions. It was also necessary 
to create individual solutions of many of the analytes in 
order to determine or confirm retention time and elution
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orders.
Pesticide mixtures were prepared by weighing exact 
amounts of each pesticide on the order of 0.05 g directly into 
10 mL volumetric flasks and diluting to volume with xylene. 
A mixture of the pesticides and standards was prepared by 
combining 1.0 mL of each stock solution into a 10 mL 
volumetric flask. Several dilutions were then made to give 
concentrations in the mixes of 50 ng//iL naphthalene and 10 
ng//iL of each pesticide.
General Operating Procedures. Appropriate analytical
wavelengths for each element were selected from previous 
publications regarding the HDD system. Optimal wavelengths 
chosen from previous investigations were 182.0 nm for sulfur 
and 231.6 for phosphorus. The monochromator was purged with 
nitrogen when working at wavelengths below 190.0 nm.
Selective detection of analyte mixtures was initially 
performed in the pure helium discharge, after which increasing 
amounts of scavenger gas were added to the helium discharge. 
The system was allowed 10 to 15 minutes to equilibrate after 
experimental parameters such as scavenger gas flow rate or 
helium flow rate were changed. Injections were made in 
duplicate, and occasionally in triplicate, to insure 
reproducibility in the chromatograms before any experimental 
conditions were changed. One microliter injections were made 
for all chromatograms. No equilibration time was necessary 
between successive runs when the monochromator slit widths
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were changed.
Temperature programs used to obtain the chromatograms 
were as follows: Sulfur mixes: initial temperature of 35°C,
5° per minute ramp, to final temperature of 70°C held for 4 
minutes; Phosphorus mixes: 60°C held for 3 minutes, ramped at 
20°C per minute to 240°C held for two minutes? Pesticide mixes: 
100°C initial ramped at 15°C per minute to 250°C held for three 
minutes.
Methods of Calculation. Analytical evaluation of the helium 
discharge detector was based upon several factors. These 
included selectivity and unit response. Selectivity is an 
expression of the ability of the detector to measure analyte 
emission over emission generated from non-analyte species (any 
compound not containing the element which is selectively being 
detected). In order to determine selectivity, the analyte 
unit response was divided by the unit response of carbon from 
a non-analyte species. Unit response indicates the 
sensitivity of the system to a particular heteroatom and is 
expressed as unit area per mass of analyte element, in this 
case, area/ng analyte element.
Sample calculations are given for the pesticide phorate 
in Table 2. Unit response was based on the area obtained for 
a given compound divided by the mass of the analyte element 
present within the compound. In all cases the area was taken 
as the average of reproducible duplicate or triplicate 
chromatograms. One would expect the unit response to be
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Table 2. Sample calculations for phorate.
Phorate
Formula: C7H18PS302 
%S: 36.95 
%P: 11.89
Amount injected into GC: 10.24ng 
ng S = (10.24ng)(36.95%) = 3.78 ng S 
ng P = (10.24ng)(11.89%) = 1.21 ng P
Unit Response
URp = area/ng P = 26254 units/ 1.21 ng P = 21698 units/ ng P 
URS = area/ng S = 19617 units/ 3.78 ng S = 5190 units/ ng S
Selectivity
UR for P/ UR for napthalene = 21698/20 = 1085 
UR for S/ UR for napthalene = 5190/61 = 85
Actual Percent Phosphorus
based on mass content of stock solution.
(mass phorate)(percent phosphorus in pesticide) =
(0.0512 g phorate)(11.89% P) = 0.0061 g P
0.0061 g from phorate/total mass of P from =0.0061/0.0353 =
all pesticides 17.3
Experimental Percent Phosphorus
phorate area/ total area for all pesticide peaks x 100 = 
26254 units/ 141914 units x 100 = 18.5 %
Relative Percent Error
([experimental area % - actual area %|/ actual area %) x 100 
= (18.5 - 17.3/ 17.3) x 100 = 6.9%
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uniform for a given element, regardless of the compound if the 
detector truly produces atomic emission through total 
dissociation of the compounds.
Selectivity was calculated by comparing peak areas of 
analyte and non-analyte species. Adjustments for
concentration were made by calculating the unit area response 
unless the concentrations were the same for both components 
being measured in the solution. High selectivity indicated 
favorable element selective performance of the detector.
In this study, expected area percents for the analyte 
peaks were calculated based upon the mass content of the 
element being detected in the multicomponent solutions. Again 
the assumption and test being made was that the area was 
independent of the compound structure and only dependent on 
the relative mass amount of the analyte element present in 
each compound. The expected values were compared to 
experimental values calculated from chromatograms processed 
through the Axxiom Chromatography software, and subsequent 
percent errors were determined.
CHAPTER III
RESULTS AND DISCUSSION
General Characteristics of the HDD System. Certain aspects of 
the Helium Discharge Detector make it unique relative to other 
plasma systems. The discharge intensity is very low, to the 
extent that the visual intensity is less than that of an 
ordinary candle. The low background emission associated with 
the secondary discharge region contributes to the excellent 
limits of detection of the HDD, since detection is typically 
based on discerning a measurable signal above the background.
Most notably, the analyte injections are introduced 
directly into the secondary discharge region instead of the 
entire discharge. Therefore, the primary discharge is never 
quenched by the solvent or excessive analyte and may 
continually reestablish the secondary discharge. In essence 
the primary discharge is in a state of thermal equilibrium 
with respect to a consistent population of excited He species 
and electron density. Although the solvent often quenches the 
secondary discharge nearly to extinction, the discharge 
immediately returns to a normal baseline background after the
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solvent elution is completed.
This feature is in direct contrast to all other plasma 
systems in which the analyte passes through the entire plasma. 
Such perturbations of the region of the plasma in which 
excitation occurs can lead to total extinguishment of the 
plasma from sample overloads. The typical solution to this 
dilemma is to incorporate valve systems into the GC interface 
to vent the solvent away from the plasmas.
The HDD is self-igniting and requires no Tesla coil. The 
discharge color is typically a pale pink, although the 
addition of scavenger gases can cause considerable changes in 
its appearance. The radiative temperature from the walls of 
the quartz tube in the secondary discharge region are 
relatively low (300-350°C). The excitation temperature of the 
helium discharge has been measured to be approximately 2500 
K . (24) Other plasma sources such as the MIP or ICP have 
values ranging from 5000 to 8000 K.(25)
The picogram limits of detection which this system is 
capable of producing are attributed to the exceptionally low 
background emission and the efficient production of excited 
species in the primary discharge which are sustained 
throughout the secondary discharge region. A substantial 
population of metastable helium species can exist in singlet 
and triplet states, with energies on the order of 19 to 21 eV. 
Dissociation of analyte compounds and subsequent atomic 
emission may be caused by collisional energy transfer from
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these metastable helium species as well as high energy 
electrons. The energy associated with the He metastable atoms 
can essentially be transferred throughout the vibrational and 
rotational energies associated with the bonds, leading to 
dissociation into excited state atoms. Helium is a favorable 
excitation source because the metastable energies are high 
enough to produce atomic excitation from every element in the 
periodic table.
One drawback of the system stems from the existence of 
trace levels of impurities in the discharge gas such as N2/ 
HzO, hydrocarbons, and 02. Although every effort is made to 
purify the He via traps and leak testing, the efficiency of 
the system nevertheless produces atomic emission from 
ultratrace (<ppb) levels of impurities in the helium. These 
species can dissociate in the primary discharge and recombine 
to produce diatomic species such as CO, NO, NH, OH, and CN, 
all of which are persistently observed as molecular emissions 
in the background. Additional emissions can occur from some 
of these species through recombination with atoms from 
dissociated analyte species. The molecular band emission 
associated with these species may interfere with the analysis 
of certain elements by overlapping with their analytical 
wavelengths resulting in excessively high background emission. 
This is explained by the fact that the most notable features 
of the background emission of the helium plasma in the 190- 
400nm region are the N2, CO, OH, and NH bands. The energy
37
required to produce the molecular bands of CO and N2 coincides 
with the 2XS and 23S metastable states of helium. Their 
emission can therefore be explained by resonance energy 
transfer from the helium species(24). This may result in poor 
selectivity or incomplete atomization of analytes. Background 
emissions above 400 nm are mainly the result of atomic 
emissions from He, H, N, and O.
The addition of scavenger gases can alter the background 
emission in the helium discharge, as shown in Figure 4. The 
top spectrum represents background emission of the pure He 
discharge from 200-400 nm. The bottom spectrum shows the 
same region of the spectrum with hydrogen added as a dopant to 
the plasma. The emissions of NO, OH, NH, and CN are notably 
different in the two chromatograms. The continuum background 
in the lower UV range rises upon the addition of hydrogen. If 
the background emission is lowered by a scavenger gas by 
eliminating molecular emission at an analytical wavelength, 
the limit of detection for that element can improve. Doping 
gases also prevent the deposition of carbon on the plasma 
tube. Carbon is not appreciably volatile below 3500 °C and 
therefore may plate out on the walls of the quartz tube due to 
the relatively low radiative temperature of the walls. The 
scavenger gases are able to combine with carbon species to 
produce species such as CO or CH and remove them from the 
quartz tube in the He discharge flow.
Figure 4 Comparison of background emission in the He 
discharge. Top: Pure He discharge. Bottom:
with 0.50% H2 added.
~ CN
to »
Warekngth (nm)
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Detector Evaluation-
SULFUR. Three different analyte mixtures were used for sulfur 
analysis. Sulfur Mix A contained 2-propanethiol, 1-
butanethiol, methyl disulfide, and 1,2-ethanedithiol and was 
used to choose between two possible analytical wavelengths for 
sulfur and also to observe the effects of the addition of 
hydrogen and oxygen as scavenger gases with respect to 
analytical figures of merit and detector response.
The first wavelength used to detect sulfur was 921.3 nm. 
No atomic or molecular emissions from the background were 
observed to overlap with this wavelength.
The peaks displayed good separation and minimal tailing 
even without the addition of scavenger gas. The addition of 
oxygen as a scavenger gas did not improve sensitivity and 
increased the errors calculated between peak area responses 
and known sulfur composition for each compound. Although no 
improvement in signal was observed here, oxygen used as a 
scavenger gas was capable of removing deposits from the walls 
of the quartz tube.
The signal was greatly enhanced upon the addition of 
small amounts (< 1% total volume) of hydrogen to the helium 
flow. As a scavenger gas, hydrogen is thought to enhance 
production of atomic species and electrons by creating a more 
reductive environment. Hydrogen can also reduce the level of 
oxygen and nitrogen impurities by producing OH and NH species. 
This can effectively reduce the amount of analyte atoms which
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may recombine with O and N atoms to produce species which may 
reduce selectivity and the response over a given element.
When the hydrogen was increased to over 0.25% in the 
carrier gas, the signal was greatly diminished. This 
indicated that the regulation of hydrogen scavenger within a 
narrow range of flow rates was critical at this wavelength. 
The higher levels may also interfere with the efficiency of 
the discharge process in the production of the species 
responsible for analyte excitation since the hydrogen passes 
through the primary discharge region as well.
The second wavelength used for Mix A at 180.7 proved to 
be the better one. The monochromator was purged with nitrogen 
when operated at wavelengths below 190 nm due to molecular 
oxygen absorption. There are also weak NO and CO molecular 
emissions in this region which can attenuate the selectivity. 
The detector displayed much greater sensitivity at this 
wavelength. Two graphs are shown in Figure 5, indicating the 
area percent response for three of the four peaks at each of 
the two wavelengths (921.3 and 180.7) with increasing 
percentages of H2 in the He flow. The first compound to 
elute, 2-propanethiol, was not included because the elution 
time was too close to that of the solvent to allow for 
accurate peak integration. Assuming that the detector 
responds to each compound equally and that the mass 
concentration of S for each compound was equal, then each peak 
should represent 33.3% of the total area. The bottom graph
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Figure 5. Area percent response vs percent hydrogen scavenger 
for Sulfur Mix A; Top: 921.3nm. Bottom: 180.7nm.
S? 30
0.05 0.1 01 5
percent scavenger gas
0.25
1-butanethiol methyl disulfide 1,2-ethanedithiol
0.15 0.2
percent scavenger gas
0.35
1 -butanethiol -lAe- methyl disulfide 1,2-ethanedithiol
42
shows that response for compounds at the lower wavelength was 
closer to the expected values after the addition of hydrogen 
as scavenger gas. This may imply that the hydrogen aids in 
dissociating the compounds and in maintaining the sulfur atom 
population. The error differences in the two wavelengths 
imply that the dissociation is dependent on the compound to a 
certain extent in that the level at which a particular excited 
state is populated appears to vary.
At the lower wavelength, the addition of oxygen improved 
the sulfur signal to about four times its original intensity. 
Hydrogen caused the signal to increase to nearly seven times 
that of the signal relative to pure He. As in past studies 
with this detector, the addition of oxygen as scavenger caused 
chromatographic improvements, but hydrogen was much more 
effective in improving overall results.
The second sulfur mix was created to eliminate the 
problem of the first peak coeluting with the solvent. When 2- 
propanethiol was replaced with 1-propanethiol the peak eluted 
after the solvent was completely eluted. A fifth compound 
(thiophene) was also added to the solution.
Upon the addition of only 0.03% hydrogen into the helium 
carrier gas, the signal nearly doubled. The addition of 
greater amounts of hydrogen continued to enhance the signal. 
When amount of hydrogen was increased to 0.65% carbon began to 
visibly plate out rather heavily on the grounding electrode 
upon the elution of the solvent.
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Concentrations for each compound in the solution were 
once again adjusted such that the sulfur concentrations were 
equal. Therefore, each peak should have represented 20.0% of 
the total area assuming uniform response. Table 3 shows 
individual and average error percents for peak response with 
added hydrogen scavenger. The errors are graphically 
represented in Figure 6. Overall the errors were very low. 
They were reduced appreciably with the addition of the 
hydrogen scavenger. These runs were performed at a helium 
flow rate of 30 mL/min. The average error was observed to 
increase once the H2 levels exceeded 0.5%.
The lowest errors occurred when the scavenger gas ranged 
from 0.15% to 0.30%. However, signal intensities nearly 
quadrupled when the scavenger was increased to 0.65%. The 
best compromise in gas percent was approximately 0.5% where 
the signal is almost at its greatest intensity yet the area 
response error was still relatively low.
Sulfur Mix C contained the same amount and type of sulfur 
compounds as Mix B but also contained 100 ng//iL of octane in 
order to perform selectivity determinations. The sulfur 
wavelength at 182.0 nm was chosen for analysis. The only 
overlapping molecular emission at this wavelength is from CO+. 
Signal intensities at this line proved to be even greater than 
those at 180.7 nm. Although the 180.7 line is typically a 
stronger analytical wavelength, the response of the 
photomultiplier tube used in this investigation drops
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Table 3. Average percent error of response for Sulfur Mix B.
Hydrogen %: 0.00 0.03 0.16 0.28 0.40 0.50 0.65
1 -propanethiol 7.9 3.1 4.3 5.0 6.8 5.2 11.4
thiophene 7.6 2.9 2.4 2.4 1.0 1.0 2.2
1-butanethiol 6.4 1.3 0.7 0.5 1.2 2.3 1.1
methyl disulfide 5.1 5.8 3.6 3.3 3.7 4.1 5.3
1,2-ethanedithiol 15.4 6.3 1.8 2.0 2.8 2.0 4.3
Average error %: 8.5 3.9 2.6 2.6 3.1 2.9 4.9
Figure 6. Sulfur Mix B.
Average error % vs % hydrogen scavenger
0.3 0.4
% Hydrogen
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drastically in the 180-190 nm region.
A typical chromatogram is shown in Figure 7. The 
depression in the background signal at approximately 3 minutes 
after the start of the chromatogram results from quenching of 
the background emission from the solvent elution. Note 
however that the baseline background quickly returns to normal 
after the solvent elution is completed.
Figure 8 shows two graphs comparing average peak area for 
1-propanethiol at a helium flow rate of 60 mL/min with oxygen 
scavenger in the top graph and hydrogen scavenger in the 
bottom graph. Upon the addition of oxygen, the signal 
increased slightly then steadily decreased. The use of 
hydrogen as a scavenger, however, caused a dramatic and steady 
increase in the signal.
A comparison of the selectivity for 1-propanethiol versus 
percent scavenger gas at a flow rate of 30 mL/ min helium is 
shown in Figure 9. Selectivity values were better overall at 
this carrier gas flow rate than those at 60 mL/min. The top 
graph shows that selectivity improved with oxygen scavenger 
only slightly before it steadily decreased. The bottom graph 
shows that selectivity improved substantially with the 
addition of hydrogen. Selectivity continued to improve up to 
a hydrogen gas concentration of over 1.0% after which no 
greater flows of hydrogen were attempted. The decrease in 
selectivity with oxygen is probably the result of enhanced CO 
emission from the recombination of carbon from the GC eluents
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Figure 7. Chromatogram obtained from the separation of Sulfur 
Mix C at 182.0 nm. • See Appendix A for 
retention time data.
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Figure 8. Relative peak area of 1-propanethiol vs percent 
scavenger gas at 60 mL/min He; Top: oxygen 
scavenger. Bottom: hydrogen scavenger.
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Figure 9. Selectivity vs percent scavenger gas at 30 mL/min 
He for 1-propanethiol; Top: oxygen scavenger. 
Bottom: hydrogen scavenger.
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with oxygen. The opposite is apparent with hydrogen, which 
reduces CO emission, perhaps through the formation of CH or by 
reducing the oxygen contamination in the system.
A final comparison of the use of hydrogen versus oxygen 
scavenger gas is shown in Figures 10 and 11. Errors were 
calculated as an average error percent for all five compounds 
at each different scavenger gas percent at total He flow rates 
of 30 and 60 mL/min. The errors for the runs with oxygen 
(Figure 10) were always between 5-10%. The errors for those 
run at 30 mL/min decreased and then increased again when the 
scavenger percent exceeded 0.5%. When the helium flow rate 
was 60 mL/min the error increased initially then gradually 
decreased. In both cases the error for the runs remained 
higher than those performed with no scavenger gas.
Figure 11 shows the average percent error in response for 
the same five compounds when hydrogen scavenger gas was used. 
The average percent error for area response was lower overall 
for analysis with hydrogen. Most error values were below five 
percent. The top graph for a carrier gas flow rate of 30 
mL/min showed an initial decrease followed by a gradual 
increase with some irregularities. The bottom graph 
represents errors at a helium flow rate of 60 mL/min. The 
errors (bottom) also showed an initial decrease in error 
followed by a more gradual increase. In both cases, the 
errors at high H2 additions were greater than the errors 
produced with no scavenger gas, indicating that the scavenger
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Figure 10. Average percent error for five sulfur compounds vs 
oxygen scavenger gas percent? Top: 30 mL/min. 
Bottom: 60 mL/min.
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Figure 11. Average percent error for five sulfur compounds vs 
hydrogen scavenger gas percent; Top: 30 mL/min. 
Bottom: 60 mL/min.
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gas can actually be detrimental to area response. Initial 
improvements were probably due to the facilitation of complete 
fragmentation of the analyte species by the scavenger gases or 
competition for impurities in the discharge.
Hydrogen was the more favorable scavenger gas with 
respect to response as shown by average error percents that 
were usually about half the amount of those obtained with 
oxygen. The optimal H2 addition appeared to be around 0.3- 
0.4% regardless of the He flow rate.
Figure 12 shows the substantial difference between the 
signal intensities for 1-propanethiol at two different helium 
flow rates with hydrogen scavenger gas. There was a steady 
increase in area response improvement at both flow rates. 
More intense signals were obtained overall at 60 mL/min. 
Octane peak responses are also shown in these two graphs to 
demonstrate the reason for the increases in selectivity which 
occur with increases in hydrogen scavenger gas. As scavenger 
gas flow rate increased, the octane peak intensity remained 
nearly constant while the analyte peak markedly increased.
These increases in selectivity are graphically shown in 
Figure 13. The top graph represents a helium flow rate of 30 
mL/min. Selectivity steadily increased up to about 275 with 
increasing hydrogen scavenger. Selectivity increased, leveled 
off at about 165, and decreased slightly at 60 mL/min helium. 
The selectivity values at 30 mL/min helium were overall much 
better than those at the higher helium flow rate. On the
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Figure 12. Relative peak area vs percent hydrogen scavenger? 
Top: 30 mL/min. Bottom: 60 mL/min.
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Figure 13. Selectivity vs percent hydrogen scavenger gas at 
selected He flow rates; Top: 30 mL/min. Bottom: 
60 mL/min.
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other hand, analyte detection was more intense at the higher 
flow rate. Unfortunately, response to the non-analyte was 
also greater, creating a trade off between selectivity and 
sensitivity at the two flow rates.
Figure 14 shows selectivity for 1-propanethiol versus 
helium flow rate for five different hydrogen scavenger gas 
percentages. This confirmed the trend of decreasing 
selectivity with increasing helium carrier gas flow rate. 
Selectivity improved with increasing scavenger gas flow rate 
at all three helium flow rates.
PHOSPHORUS: A solution containing three phosphorus compounds
dissolved in octane was used for the determination of 
phosphorus.(See p. 88) The proper amount of each compound was 
added to the solution which would yield two nanograms of 
phosphorus per compound for a 1 injection. The analytical 
wavelength of 213.6 nm was selected for phosphorus analysis 
which was relatively free of overlapping background emission.
Past studies with the helium discharge detector indicated 
that hydrogen was the only effective scavenger for this 
element.(24) At all helium flow rates attempted, eluted peaks 
were not integrable at all before the addition of hydrogen due 
to severe tailing. Chromatographic improvements and peak 
integrations were only possible after very small amounts 
(i.e., 0.1%) of hydrogen were added to the He discharge. A 
typical chromatogram is shown in Figure 15. Peak intensities 
decreased drastically upon greater additions of hydrogen.
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Figure 14. Selectivity for 1-propanethiol vs He flow rate 
with added hydrogen scavenger.
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Figure 15. Chromatogram obtained from the separation of the 
phosphorus mix at 213.6 nm with added H2.
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Initially, the hydrogen probably prevented phosphorus 
deposition on the inner walls of the quartz tube, thereby 
improving the chromatographic quality of the peaks. 
Increasing amounts of hydrogen may have scavenged and combined 
with atomized phosphorus species subsequently causing the 
successive decreases in signal. These effects were not as 
pronounced at the lower carrier gas flow rate. Therefore, 
effectiveness of the hydrogen scavenger may depend heavily on 
the residence time of analyte species in the plasma tube.
Table 4 summarizes data accumulated for phosphorus 
analysis for three helium flow rates. Relative area response 
and percent error of area response are given for each peak. 
Signal intensities decreased markedly except at the lowest 
helium flow rate where they remained somewhat stable. The 
errors associated with the peak areas were very large and 
indicated that the structure of the phosphorus compounds must 
have played a major role in area response. No helium flow 
rate produced more favorable results relative to errors 
associated with uniform phosphorus response.
Figures 16-18 show the effect of the gradual addition of 
hydrogen scavenger gas on relative peak area of the three 
compounds in the mixture at He flow rates of 38, 48, and 67 
mL/min respectively. After a slight initial improvement, the 
signal dropped and then leveled off in Figure 16. Figure 17 
shows the average percent area versus helium flow rate at 48 
mL/min. Addition of scavenger gas at 48 mL/min caused a
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Table 4. Summary of data for phosphorus mix.
trimethyl
phosphate
trimethyl
phosphonoacetate
diethyl benzyl 
phosphonate
67 mL/min He
% hydrogen area % error area % error area % error
0.09 3527 13.2 1191 61.0 4458 31.6
0.23 6631 6.7 3063 49.0 8338 29.1
0.30 4473 14.1 1992 51.1 5500 25.9
0.52 2911 9.8 1456 44.4 3478 25.0
0.92 2687 13.5 1254 46.2 3038 23.4
1.66 2117 12.6 1086 41.4 2347 21.1
2.45 1252 13.3 621 42.6 1386 21.6
average: 11.9 average: 47.5 average: 25.4
48 mL/min He
0.10 10910 18.4 4469 49.8 11365 21.6
0.32 5479 9.6 2684 45.8 6716 26.2
0.72 4203 8.2 2160 44.0 5222 26.2
1.29 2975 10.9 1521 42.6 3464 23.4
2.31 1856 12.9 902 55.7 2091 23.0
3.40 1143 15.1 566 55.2 1298 21.3
average: 12.5 average: 48.8 average: 23.6
38 mL/min He
0.12 8843 8.7 4239 52.5 11157 27.7
0.20 10020 10.0 4883 47.5 12705 26.8
0.41 8642 8.0 4228 46.4 11006 27.8
0.92 7867 7.0 3684 49.5 10422 30.0
1.65 7825 3.8 3603 52.2 11191 32.7
2.95 7124 8.8 2986 54.5 9329 31.1
average: 8.6 average: 50.4 average: 28.4
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Figure 16. Average peak area for phosphorus compounds vs
percent hydrogen at 38 mL/min He.
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Figure 17. Average peak area for phosphorus compounds vs
percent hydrogen at 48 mL/min He.
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Figure 18. Average peak area for phosphorus compounds vs
percent hydrogen at 67 mL/min He.
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substantial reduction in signal intensity. At 67 mL/min an 
initial improvement was again observed with a very small 
amount of hydrogen, then the signal dropped off sharply and 
continued to decrease.
Effects of scavenger gas amount on average peak percent 
are shown in Figure 19 for a helium flow rate of 38 mL/min. 
The expected peak area percents for each compound should have 
been about 33% assuming that the detector responds uniformly 
to each compound regardless of structure. Despite changes in 
signal intensity, there was very little change in the percent 
that each peak represented of the total area with increasing 
hydrogen scavenger flow rate. This was true for each of the 
three helium flow rates used.
SELECTIVE SULFUR ANALYSIS OF PESTICIDES: A solution of seven
pesticides containing both sulfur and phosphorus was used to 
study the response with the helium discharge detector.(See 
Appendix A, p.88.) Xylene was used as the solvent. 
Naphthalene was added for the determination of selectivity.
Initially the slit widths on the monochromator were 
varied to determine whether a smaller bandpass would decrease
o
the area response errors associated with the pesticide peaks. 
A typical chromatogram for the separation of the pesticide 
mixture at the 182.0 nm sulfur wavelength is shown in Figure 
20. Table 5 shows the error percent for six of the pesticides 
at slit widths of 75 and 175 /im. The pesticide monitor was 
not included due to difficulties with integration resulting
Figure 19. Average peak percent vs percent hydrogen for
phosphorus compounds at 3 8 mL/min He.
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Figure 20. Typical chromatogram for the. separation of the 
pesticide mix at 182.0 nm.
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Table 5. Percent errors for area response for pesticides at
two slit widths; He = 30 mL/min.
pesticide % error at % error at
175 jum 75 jum
phorate 12.2 7.1
cygon 18.5 17.1
diazinon 8.1 5.2
disyston 17.4 19.0
methyl parathion 10.4 4.0
malathion 1.8 1.2
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from coelution with the naphthalene. (Hence selectivity 
measurements were not possible for these chromatograms.)
There was a notable reduction in the errors when the slit 
widths were decreased to 75 /zm. This was attributed to the 
fact that less overlapping molecular emission was able to pass 
through the monochromator slit. Such emissions would 
contribute to the overall signal generated at the sulfur 
wavelength, and would vary depending on the carbon content of 
the pesticide. Two pesticides, cygon and disyston, 
persistently showed large errors throughout the investigation. 
They are similar in structure, indicating that this may have 
been a factor with respect to producing sulfur emission. 
However, a much more comprehensive study of structure effects 
on area response would have to be done in order to reach such 
a conclusion.
Reductions in slit width also reduced the atomic signal 
which was able to reach the detector resulting in a 
substantial decrease in the unit response for sulfur. Figure 
21 shows the effects on unit response for the pesticide 
phorate versus slit width. Some of the reduction may be due 
to how accurately the wavelength setting was calibrated, which 
becomes more critical as the bandpass decreases. The 
reduction in signal is a trade off for the lower area percent 
errors. All subsequent chromatograms were performed at the 75 
/zm slit width.
Area response errors at four different helium flow rates
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Figure 21. Phorate unit response vs slit width; He = 30 
mL/min.
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are shown in Table 6. No definite pattern seemed to emerge 
with respect to finding an optimal flow rate. This is 
probably due to the fact that no scavenger gas was used which 
would have improved both selectivity and unit response for the 
chromatograms. The values for errors then appeared to be 
inconsistent and not of predictive value for determining an 
optimal flow rate for sulfur determination, although the 
intermediate flows (45-60 mL/min) appeared to be the best 
overall. Therefore, previous data regarding flow rates for 
sulfur detection were used to select subsequent flow rates.
An attempt was made to use oxygen as a scavenger gas. 
The unit response for sulfur was substantially reduced as 
shown in Figure 22 for phorate. Addition of more than .04% 
oxygen nearly eliminated the signal. Although improvements in 
error were seen for peak areas with the use of oxygen, this 
scavenger gas was too deleterious to overall detection to be 
of use.
The addition of hydrogen scavenger caused a significant 
reduction in area percent errors associated with the 
pesticides. Table 7 shows the errors for six pesticides at 
several hydrogen scavenger percentages. The errors appeared 
lowest when the hydrogen scavenger was between 0.77 and 1.54%.
Unit response and selectivity also increased upon the 
addition of hydrogen scavenger as shown in Figures 2 3 and 24 
respectively. Unit response sharply increased with a moderate 
amount of added scavenger («0.5) then steadily decreased.
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Table 6. Area response errors for pesticides at various 
helium flow rates? no scavenger gas.
pesticide 30 mL/min 45 mL/min 60 mL/min 90 mL/min
phorate 14.1 11.8 8.2 2.0
cygon 16.8 10.4 19.2 7.3
diazinon 6.3 1.5 4.7 12.7
disyston 23.2 18.8 16.5 7.5
methyl
parathion
6.7 9.9 5.9 10.3
malathion 8.6 9.0 4.6 17.0
average error 12.6 10.2 9.8 9.5
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Figure 22. Unit response of phorate vs percent oxygen
scavenger; He = 45 mL/min.
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Table 7. Summary of area percent errors for pesticides at 
various hydrogen scavenger gas amounts; He = 30 
mL/min.
% Errors with Hydrogen Additions of:
pesticide 0.00 % 0.16% 0.42 % 0.77 % 1.54 % 2.67 %
phorate 5.7 11.0 10.1 7.0 5.4 1.5
cygon 7.4 18.6 16.7 16.8 19.3 23.5
diazinon 17.9 8.8 10.6 5.3 3.7 8.0
disyston 29.6 18.2 16.5 16.2 16.7 19.5
methyl
parathion
26.1 6.3 8.5 1.8 2.1 2.8
malathion 10.6 5.2 4.9 4.6 6.1 17.2
average error: 16.2 11.4 11.2 8.6 8.9 12.1
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Figure 23. Phorate unit response vs percent hydrogen
scavenger gas? He = 30 mL/min.
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Figure 24. Selectivity for phorate vs percent hydrogen
scavenger gas; He = 30 mL/min.
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Selectivity increased with added hydrogen due to the removal 
of impurities contributing to molecular emission.
An attempt was made to mix hydrogen and oxygen scavenger 
gases. Errors for peak response are reported in Table 8 for 
three scavenger gas mixes. Unit response and selectivity 
calculations are shown for phorate at each different scavenger 
mix. The peak for monitor was consistently smaller than 
predicted which indicated that incomplete dissociation of the 
molecule may have been occurring. It was also possible that 
the errors for monitor were attributable to poor integration 
of the peak.
SELECTIVE PHOSPHORUS ANALYSIS OF PESTICIDES: The same
pesticide mix used for the analysis of sulfur was used for the 
selective elemental analysis of phosphorus. Chromatograms 
obtained with pure He were highly distorted with broad tailing 
peaks as with the other phosphorus mix. Table 9 contains a 
summary of data accumulated for phorate, one of the seven 
pesticides in the mix. Results for phorate were consistent 
and generally representative of the trends followed by the 
entire set of pesticides with respect to selectivity and unit 
response. The top set of data was calculated from runs 
performed at a flow of 30 mL/min helium and the bottom from 
runs at 60 mL/min helium. Hydrogen scavenger gas was used in 
both cases. Average error percent of area response relative 
to the other pesticides, selectivity, and unit response are 
given.
Table 8. Area percent errors for pesticides at three mixtures 
of hydrogen and oxygen scavenger gas.
% oxygen: 0.09 0.09 0.28
% hydrogen: 0.57 0.35 0.61
monitor 22.6 21.7 31.0
phorate 5.5 6.9 7.2
cygon 11.3 10.3 8.6
diazinon 5.2 0.5 2.2
disyston 19.6 19.0 9.3
methyl 4.4 1.8 18.5
parathion
malathion 8.8 2.4 7.4
average error 11.0 . 8.9 12.0
Table 9. Summary of phosphorus selective data for phorate 
Top: 30 mL/min He. Bottom: 60 mL/min He.
HELIUM = 30 ml/min
% hydrogen 
scavenger
avg error 
percent
selectivity unit response 
(area/ngP)
0.16 15.9 968 16912
0.25 12.8 639 16213
0.30 12.4 909 14385
0.33 10.5 440 17687
0.49 14.5 1049 34015
0.83 4.1 1682 31591
1.67 7.8 2140 20569
3.33 7.2 942 10395
HELIUM = 60 ml/min
% hydrogen 
scavenger
avg error 
percent
selectivity unit response 
(area/ngP)
0.17 4.8 519 13396
0.24 1.7 780 15674
0.42 4.0 2431 18424
0.83 8.9 761 19203
1.67 4.8 511 12110
78
Unit response of phorate at helium flow rates of 30 and 60 
mL/min is plotted versus percent added hydrogen scavenger in 
Figure 25. Signal intensity was greater overall at the 30 
mL/min flow rate. The response improved and then dropped off 
rapidly above 1.0% hydrogen scavenger in both cases.
Selectivity of phorate versus percent hydrogen scavenger 
is plotted for both hydrogen flow rates in Figure 26. In both
cases, selectivity improved greatly. However, at the lower
helium flow rate, the selectivity curve peaked at a much
greater percentage of hydrogen scavenger.
Average percent errors of phorate response are compared 
in Figure 27 for the two helium flow rates used. Errors were 
generally lower over the range of H2 additions used at the high 
helium flow rate. Both graphs were somewhat sporadic although 
each does display a discernable minimum error. The 30 mL/min 
He flow rate with the addition of «0.8% H2 was the best 
compromise with respect to all the criteria evaluated.
Average errors for peak response of five of the 
pesticides at both helium flow rates are shown in Table 10 for 
various hydrogen scavenger gas amounts. At this point in 
time, there were apparently problems with decomposition in the 
pesticide mixture to the extent that the diazinon peak was 
insignificant and the methyl parathion peak increased 
substantially, thus they were not included in the calculations 
for phosphorus determination. Time constraints did not allow 
for the reproduction of new mixtures. When the He flow rate
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Figure 25. Unit response vs percent hydrogen scavenger for
phorate; Top; 30 mL/min He. Bottom: 60 mL/min He.
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Figure 26. Selectivity vs percent hydrogen scavenger for
phorate; Top: 30 mL/min He. Bottom: 60 mL/min He.
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Figure 27. Percent error vs hydrogen scavenger gas percent 
for phorate; Top: 30 mL/min. Bottom: 60 mL/min.
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Table 10. Average error for pesticides at various additions 
of H2. Top: 30 mL/min He. Bottom: 60 mL/min He.
30 mL/min He
% errors with hydrogen additions of:
pesticide 0.05 % 0.25 % 0.49% 0.83 % 1.67 % 3.33 %
monitor 17.4 12.6 14.5 10.5 4.0 3.4
phorate 8.8 16.3 8.5 4.5 7.8 7.2
cygon 0.9 9.4 7.2 2.1 6.2 4.2
disyston 17.6 16.2 - 8.4 13.6 8.3 7.0
malathion 20.2 12.0 ‘ 17.2 8.0 ,5 8 4.4
average error: 13.0 13.3 11.2 7.7 6.4 5.2
60 mL/min He |
% errors with hydrogen additions of:
pesticide 0.17% 0.24 % 0.42 % 0.83 % 1.67 %
monitor 8.7 20.0 13.2 12.1 11.1
phorate 4.8 1.7 4.0 8.9 4.8
cygon 1.8 3.2 4.1 6.0 3.3
disyston 3.3 19.2 11.0 10.8 5.5
malathion 7.8 14.7 10.0 5.6 10.4
average error: 5.3 11.8 8.5 8.7 7.0
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was low (30 mL/min), large amounts of added hydrogen on the 
order of 0.8 to 3% produced the smallest errors. However, the 
smallest errors at 60 mL/min He occurred at the lowest 
addition of hydrogen (0.17%).
The slit width of the monochromator was varied to 
determine whether response error would decrease with 
decreasing slit width. The slit width was normally set at 
150/m. Reductions to 75/m in 25/m increments were tested. As 
expected, the unit response decreased and selectivity 
increased with decreasing slit width. The reasons for these 
observations are basically the same as those for the sulfur 
wavelength? greater portions of overlapping molecular bands 
were detected through the wider bandpass at the larger slit 
widths. A summary of data for these runs for phorate is given 
in Table 11. Table 12 shows area response errors for the five 
integrable pesticides at various slit widths. The response 
errors were significantly reduced and selectivity improved at 
the smallest slit width (75/m), although the unit response is 
compromised by a factor of two.
84
Table 11. Effects of changing slit width on phosphorus 
response for phorate.
slit
width
avg error 
percent
selectivity unit response 
(area/ngP)
75 1.9 692 23266
100 2.1 391 28252
125 0.5 377 36650
150 4.7 375 48668
Table 12. Area response errors for pesticides at various slit 
widths.
slit width: 75 um 100 um 125 um 150 um
monitor 9.0 12.8 5.4 28.7
phorate 1.9 2.1 0.5 4.7
cygon 0.8 0.0 13.1 10.8
disyston 1.3 10.0 13.1 2.3
malathion 14.8 12.7 3.4 8.1
average error % 5.6 7.5 7.1 10.9
CHAPTER IV
CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH
Previous research with the HDD has shown that the 
incorporation of scavenger gases into the discharge He flow 
can result in substantial chromatographic and analytical 
improvements. It is now evident that the addition of 
scavenger gases, hydrogen in particular, can lead to greater 
uniformity of response for sulfur and phosphorus compounds. 
These dopant gases can not only remove impurities from the He 
discharge which lead to spectral interferences of selected 
analytical wavelengths, but may also lead to more complete 
fragmentation of the analyte species, perhaps by creating a 
more reductive environment.
Nearly uniform molar response has been obtained for the 
sulfur and phosphorus compounds tested with the HDD system 
through the optimization of the amount of scavenger gas 
present and other factors such as slit width of the 
monochromator and helium flow rate. Certain compounds gave 
persistently large errors in area response indicating that 
structure can strongly affect response in some cases. Smaller 
slit widths for isolation of the analytical wavelengths were 
very significant in improvements in selectivity and area 
response.
Further research is warranted with respect to the
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determination of exactly how different structures and 
oxidation states may affect the selective response for sulfur 
and phosphorus compounds. If enough compounds could be tested 
a definite pattern may emerge which would enable the 
formulation of correction factors for certain compound 
structures. This would allow for reliable quantification 
despite the dependence of their structures upon response. 
Ideally conditions should be sought in which the response is 
independent of structure, which would allow for the addition 
of an internal standard for the quantitation of the compounds 
present based on the response of the analyte elements.
One possibility of improvement in both selectivity and 
response would be to utilize analytical wavelengths in the 
vacuum UV region. There are a number of significant analytical 
wavelengths for sulfur and phosphorus from 135 to 180 nm. 
This would require replacing the current photomultiplier tube 
with a detector designed to respond in the vacuum UV region. 
Additional purging of the monochromator with either helium or 
argon would be required at lower wavelengths to eliminate 
absorption from nitrogen. There are virtually no molecular 
emissions originating from the discharge or the diatomic 
species produced in the discharge in this region of the 
spectrum.
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APPENDIX A
PHYSICAL CONSTANTS AND RETENTION TIME DATA FOR 
COMPOUNDS USED IN THIS STUDY
compound
sulfur compounds FW
(g/mol)
density
(g/ml)
bp
(C)
retention
time(min)
1-propanethiol 76.16 0.841 67-68 4.2
2-propanethiol 76.16 0.820 57-60 3.5
1-butane thiol 90.19 0.842 98 6.6
methyl disulfide 94.20 1.046 109 7.6
1,2-ehtanedithiol 94.20 1.123 144-146 10.5
thio phene 84.14 1.051 84 5.0
phosphorus compounds
dimethyl phosphite 110.05 1.200 170-171 8.0
trimethyl
phosphate
140.08 1.197 197 11.6
trimethyl
phosphonoacetate
182.11 1.125 118
(0.85mm)
14.5
pesticide FW
(g/mol)
retention
time(min)
% S % P
monitor 141.14 5.1 22.72 21.94
phorate 260.39 10.1 36.95 11.89
cygon 229.27 10.6 27.98 13.51
diazinon 304.38 11.1 10.54 10.17
disyston 274.42 11.3 35.06 11.29
methyl
parathion
263.22 12.2 12.18 11.77
malathion 330.38 12.8 19.41 9.37
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APPENDIX B 
PESTICIDE STRUCTURES
CHjCL?
CHjS'P'NHJ
Monitor
(CiHi°hP-S(CH:)2-s-c2Hj
Ui-Syston
Phorate
Diazinon
f 9(CHp)jP-S-CHj-C-N-CH, 
H
H
(CHjCHp)jP-o-
CH,
Cygon
OP(OCH3)2
no2
Methyl Parathion
H
tHjC^-S-C-COOCjH, 
CHj-COOCzH,
Malathion
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